We introduce technological achievements while developing real-time ocean monitoring buoy systems in the key coastal regions around the Korean peninsula, and highlight their potential contribution to oceanographic studies in the region. Major achievements are an integration of physical and biogeochemical sensors, real-time and two-way communication, sustainable maintenance with stable power supply and mooring design, and the two-way control of sensor and sampling strategies with high sampling rates (as often as every minute). The time-series data from two buoy systems deployed in the key coastal regions are given as examples to show their potential use in studying oceanographic issues, such as major current variations along the east coast of Korea, wind-driven episodic events including typhoon passages, and frequent changes due to internal wave passages. The real-time and high-frequency monitoring of biogeochemical properties of seawater together with physical parameters could be used for numerous oceanographic studies in the coastal region, i.e., air-sea gas exchange, harmful dinoflagellate bloom, interaction between physical and biogeochemical processes.
INTRODUCTION
here has long been recognized a need for lengthy and continuous observation and real-time monitoring of the environment to characterize and understand climate and ocean variability. The coastal area in particular, because of its high spatio-temporal variability in the environment due to various factors such as shallow water depth, presence of the coast, enhancement of tidal motion, terrestrial influences, etc., has been the subject of considerable efforts directed towards the development of a monitoring buoy in the world's coastal oceans (Malone et al., 2000; Chavez et al., 1997) . Moreover, recent technical advances in telemetry, power supply, data capacity, and mooring stability, and development of new sensors have stimulated an increasing demand for such monitoring buoys to observe various coastal areas more effectively (Chavez et al., 1997) at a higher temporal resolution and with more facile communications than before, i.e. realtime and two-way (Frye et al., 1991) .
Recent enabling technologies applied to monitoring buoys are compared for typical systems around the world's (mostly coastal) oceans (Table 1) , though most of them are still in the stage of being developed or upgraded. The MAREL buoy and Smart buoy are equipped with various new sensors to measure biogeochemical properties as well as physical properties of coastal water below the surface at a high frequency in continuous and autonomous mode, as operated in the Iroise Sea, Brest, France and the UK shelf-seas, respectively. Continuous cleaning of the sensor, preventing it from biological fouling (Blain et al., 2004) , and redundancy of key parameters for data reliability (Mills et al., 2002) are the outstanding features of these buoys. Such environmental monitoring, for biogeochemical parameters as well as physical parameters, is also available along with newly developed controllers e.g. the OASIS (Ocean Acquisition System for Interdisciplinary Science) controller used in Monterey Bay, U.S. (Chavez et al., 1997) . Chavez et al. (1997) illustrated the capabilities of the OASIS controller including flexible 28 sensors and two-way telemetry that allow users to communicate directly with various instruments and controllers. The two-way communication is widely applied to monitoring buoy systems using satellite or cellular telemetry, e.g. MAREL buoy, OASIS moorings, TABS (Texas Automated Buoy System)/SEMB (Surface Environmental Monitoring Buoy), etc. (Table 1) .
Individual systems, however, have certain limitations. Still, some monitoring buoy systems, such as MAREL buoy, Smart buoy, ATLAS buoy etc., are not equipped with wave and current sensors to measure these vital parameters for the physical environment. On the other hand, though the monitoring buoys used in the COMPS (Coastal Ocean Monitoring and Prediction System) program and TABS/SEMB are monitoring water column current and wave parameters as well as meteorological parameters, they can not provide any biogeochemical information by them-Recent enabling technologies applied to ESROB and NMB, and also to other such ocean monitoring buoys in the coastal ocean, are not widely documented except in a few articles (Table 1) despite the fact that they have a significant role in providing valuable time-series data for marine meteorological, physical and biogeochemical process studies. In this paper, therefore, we introduce technological achievements while developing such monitoring buoy systems in the key coastal regions around the Korean peninsula, and highlight their potential contribution to environmental studies in the coastal region. General progress in technology and its application to scientific purposes with possible utilization are described in sections 2 and 3, respectively. Then, in section 4, a brief summary and conclusion are presented, together with a view of possible future developments of buoy monitoring in the coastal ocean. (Weisberg et al., 2002; Norman et al., 2001) . Moreover, data from many monitoring buoy systems are still transferred in oneway communication using an ARGOS satellite or UHF/VHF radio telemetry. Cost-effectiveness is another critical limitation for some monitoring buoy systems.
To address these limitations, we have developed (in partnership with other agencies in Korea) new real-time monitoring buoy systems (Kim et al., 1999; Nam et al., 2003) in the key coastal areas around the Korean peninsula (Figure 1) , applying enabling technologies for environmental studies. These include a stable power supply in order to equip more sensors, two-way communication and its utilization for more effective environmental monitoring, sustainable maintenance (biological fouling, warning message for breaking away from position, etc.), and sensor and sampling strategies (highfrequency sampling for short-period internal wave monitoring, calibration and assessment of various biogeochemical sensors for examining environmental issues such as harmful algae bloom). Among the above buoy systems (Figure 1) , two of them (buoys S and J) are identified as the East Sea Real-time Ocean Buoy (ESROB) and Narodo Monitoring Buoy (NMB). The ESROB is located about 9 km off the port Donghae, in the middle of the east coast of Korea, at a depth of 130 m. The area is known for high spatial and temporal variability in both the current and the water properties, mainly due to the convergence of cold water and warm water (Kim et al., 1983) , which are mostly carried by the North Korean Cold Current (NKCC) and the East Korean Warm Current (EKWC), respectively. The NMB operates in the region near the south coast of Korea at a depth of 10-15 m (depending on tide) where the Red Tide frequently occurs. Besides the ESROB and NMB, there are several other monitoring buoys operated in the key areas around the Korean peninsula as shown in Figure 1 ('B', 'C', 'D', 'H', 'I', 'V', and 'W').
Instrumentation

Buoy Specifications
The ESROB and the NMB are 2.4 m in diameter (1.8 m in the early stages for ESROB) and 5.67 m (4.1 m above sea level) in height. They are divided into three parts: the 'air' part above sea level, the 'seawater' part below it, and the 'inside' part inside the hull (Figure 2 ). In the 'air part', four solar panels for power supply, navigation light (beacon) and radar reflector for safety, and antennae for DGPS and telemetry, are placed with various meteorological sensors. All the physical and biogeochemical oceanographic sensors ( Figure 2 , Table 2 ) are attached in the 'seawater' part, together with inductive cables for CTD (ConductivityTemperature-Depth) data transfer, a chain and anchor for stable mooring, and an acoustic releaser for safe recovery. The main controller, which gathers all the data and supplies the system power, is placed in the 'inside part' with specific sensors for checking the internal status of the buoy.
Installation of Environmental Sensors
Every 10 minutes, meteorological sensors measure wind speed, gusts (maximum wind speed for 10 minutes) and direction, air temperature and pressure and relative humidity. Detailed information, e.g., manufacturer, measured item, accuracy and other specifications of each sensor, is listed in Table  2 . Surface waves are parameterized every 10 minutes from 1,024 accelerometer data readings measured at 2 Hz, using both the zeroup cross method 1 and the Fast Fourier transform (FFT) method. The wave parameters include maximum and significant wave heights, significant and FFT wave periods, etc. The sensor for the surface waves is placed inside the hull below an electronic canister (Figure 2) .
Three-dimensional subsurface currents at 26 vertical levels are measured every 10 or 1 minute(s) by mounting a 300 kHz ADCP (acoustic Doppler current profiler) below the bottom frame, in looking down form ( Figure 2 ) with a relatively low power consumption of 1916 mAh/day (Table 2) . It is a commercial Monitor-type Workhorse ADCP, manufactured by RD Instruments and offers 1) extreme accuracy (Table 2) and reliability, 2) versatility, 3) high data resolution and minimal power consumption and 4) a four-beam solution (http:// www.adcp.com/). The east-west, northsouth, vertical, and error currents are acquired at all the depth levels at each time interval (1 or 10 minutes flexible), with echo intensities of four beams and ADCP attitudes, i.e. pitch, heading, and roll, for assessing the data quality. Besides these data, water temperature measured at the ADCP near the surface is used as an indicator of sea-surface temperature.
Physical properties (temperature and salinity) of seawater at several depth levels are measured every 10 or 1 minute(s), by attaching SBE37 CTDs (Figure 2 ) to the inductive modem (mooring) line in the 'seawater' part. The accuracies of conductivity and temperature are 0.0003 S/m and 0.002, respectively (Table 2) , which are sufficient to apply this sensor for oceanographic purposes in this shallow water region. Data measured from the CTD are transferred to the main controller through the inductive modem cable (mooring line). Sensor calibration should be performed (typically every six months) together with a battery change for long-term operation.
Footnote
1
In this method, maximum wave height and significant wave height are determined by the maximum and one-third or one-fourth values of the wave heights in order of magnitude, respectively.
FIGURE 1
Positions of real-time coastal ocean monitoring buoy systems around the Korean peninsula. The 'buoy S' and 'buoy J' denote ESROB (East Sea Real-time Ocean Buoy) and NMB (Narodo Monitoring Buoy), respectively. Similar monitoring buoys are also operated at positions 'B', 'C', 'D', 'H', 'I', 'V', and 'W'.
TABLE 2
Typical specifications of the devices the ESROB and NMB equip.
Device
Manufacturer We used a submersible multi-channel analyzer (Eco-LAB) for nutrient measurement ( Figure 2 , Table 2 ). Eco-LAB uses a conventional colorimetric method employing a fluorometric detector, which is a wellestablished wet chemistry technique. Eco-LAB takes samples by withdrawing the syringe plunger at the inlet port and a reaction is achieved by moving the valve and adding reagents to a sample by retracting the syringe plunger at each appropriate port. Samples and reagents can then be mixed, color develops as the reaction progresses and the sample is injected into the detector for measurement. For nitrate measurement, an activated cadmium column is used for reduction. All these procedures are automatically operated by Eco-LAB every 3 hours (Table 2 ). In the laboratory, a calibration check should be periodically performed. A detailed chemical procedure can be obtained from the Eco-LAB manufacturer.
Chlorophyll a is measured using a Fluorometer manufactured by Seapoint ( Figure 2 , Table 2 ). This fluorometer is a high-performance and low-power (6 mAh/day) instrument for in situ measurements of chlorophyll a. This
FIGURE 2
Design images of the real-time ocean monitoring buoy (deployed) and various types of sensors equipped in the buoy system. Below are the time lines of ESROB and NMB operations with the instrument attachments numbered from (1) to (4).
sensor is operated with a pump and uses modulated blue LED lamps and a blue excitation filter to excite chlorophyll a. The fluorescent light emitted by the chlorophyll a passes through a red emission filter and is detected by a silicon photodiode.
Glowtracka, which is a kind of precision fluorometer especially stimulating bioluminescent organisms, is utilized for dinoflagellate detection. Some dinoflagellates themselves exhibit a large range of luminous output, dependent on their species. Thus, Glowtracka monitors the visible emissions from material suspended in a liquid using a photodetector as it flows down a pipe. We used one submersible pump to feed water through both the Fluorometer and Glowtracka.
Methane was measured by using an underwater methane sensor (METS), which is available from CAPSUM Technologies ( Figure 2 , Table 2 ). The principle of measurement is that the hydrocarbon molecules diffuse out of the liquid through a special silicone membrane into the detector chamber. The adsorption of hydrocarbons on the active layer leads to electron exchange with oxygen and thus to modification of the resistance, which is transduced electronically into a voltage. The membrane is made up of silicon, with a thickness of 10 mm. The detection limit is 20 nmol/L, with a reaction time of 3 to 30 minutes.
Real-time Monitoring of Buoy Status and Maintenance
In addition to meteorological and oceanographic data, the buoy also incorporates operational status data for maintenance, on a real-time and two-way basis. We can call to the buoy system as required to check the real-time status of the system battery level, communication antenna level, internal temperature and humidity inside the hull (separately from the air temperature and humidity), the buoy position in latitude and longitude and motion in terms of speed and direction (calculated from the position changes during 10 minutes), and the attitude of the buoy hull (heading, pitch, and roll). If necessary, we can provide immediate actions for the buoy system remotely with a personal cellular phone using two-way telemetry or by going directly using a small boat. Real-time monitoring of these status data is important for sustainable buoy operation under severe or unexpected environmental conditions or human activity. A warning message is sent to users when the buoy goes outside a specific userdefined area by checking the buoy status every ten minutes. Figure 3 shows a time series of (a) buoy speed (in knots), (b) internal temperature, (c) battery, (d) pitch and roll, and (e) heading of the buoy for May 2004. The speed, pitch, and roll of the buoy are typically within 1 knot and ±5° except for periods of strong wind and wave conditions. For most periods of deployment, the telemetry antenna and battery are maintained at high levels, independently of the wind, wave, and solar conditions. The heading of the buoy rotates mostly in a clockwise direction at a frequency near the local inertial period of 19.6 hours. To prevent the mooring line from twisting due to the rotation of the buoy hull, several swivels are used in buoy mooring.
Currently we cannot monitor the biofouling status of sensors in real-time but divers manually clean the sensors. Normally some instruments such as ADCP transducers were painted with anti-fouling chemicals and equipped with a specific housing to prevent bio-fouling. Due to the sensor calibration drift, meteorological sensors are calibrated periodically in the OTRONIX laboratory and SBE 37 CTDs are replaced every six months.
Power Supply and System Power Consumption
We have improved the power supply system of the buoy since the first deployment of the system. The original 4 solar panels of 15 W were replaced by 25 W units with an increase of battery capacity to 135 Ah for an efficiency of 75 %. Currently the total power consumption of the buoy system is about 6.4 Ah/day, so that the buoy can operate without a power supply for 21 days (135/ 6.4). Here, the total power consumption of the buoy system is calculated by summing the power consumptions of all the individual devices both for working and idle modes.
FIGURE 3
Time series of (a) buoy speed (in knots), (b) internal temperature, (c) battery, (d) pitch and roll, and (e) heading of the buoy for May 2004. Here, the buoy headings are in degrees clockwise from the north. All the data are transferred to users in a real-time and two-way sense to check the buoy status and send commands.
For example, the power consumption of the CDMA (Code Division Multiple Access) controller is 0.804 Ah/day, which is a summation of the power consumption during data receive mode (0.12 Ah/day=3 min./ 60 min. × 0.1 A × 24 h/day) and that during idle mode (0.684 Ah/day=57 min. / 60 min. × 0.03 A × 24 h/day). Increased power supply capacity and decreased power consumption, both improved from the initial deployment of the buoy system in 1999, are vital factors for uninterrupted buoy operation.
Data Flow and Cellular Phone Communication
The main controller gathers all the data before sending to the laboratory. Meteorological and ADCP data are sent to the main controller through a ZENO (Figure 4 ). The CTD, wave, and biogeochemistry data do not go through the ZENO but directly to the controller as shown in the data flow chart. The data collected in the main controller are transmitted to the database server at OTRONIX co. via the telecom network using cellular phone (CDMA) communication and then transferred to the data server in the laboratory via FTP. The data stored in the database server are again transferred to the Web server and provided to public users in real-time through the Web sites (http://www.otronix.com, or http:// eastsea.snu.ac.kr) or via FTP.
The CDMA communication has many advantages, e.g. fast data transmission, high cost-effectiveness, low power consumption, and messaging service with a standard cellular phone, when compared to other telemetry techniques such as Orbcomm, Globalstar, and Inmarsat. The maximum transmission rate of the CDMA system is 153.6 kbps which is considerably faster than Orbcomm (4.8 kbps), Globalstar (9.6 kbps), and Inmarsat-C (4.8 kbps). Moreover, the time for linking data from the terminal unit in the buoy system to the Ground Earth Station is only a few seconds without data loss in the case of the CDMA system while it takes 3-5 minutes (often 30 minutes) for the Orbcomm system, and 5-10 minutes for the Inmarsat-C system. The Inmarsat-C system usually causes data loss for data exceeding a buffer size limit of a few thousand bytes. Applying the CDMA system, the data from the buoy are transmitted at a rate of 19200 bps (not a maximum rate) and transferred into the OTRONIX server in 10 seconds regardless of the operational modes.
Besides the data rate, the CDMA system has high cost-effectiveness compared to other telemetry systems. For example, typical data charges to transmit the same size of data (80 bytes) for a month are about $20, $100, and $150 for the CDMA, Orbcomm, and Inmarsat-C systems, respectively. Terminal units are generally more economical for CDMA system than for the other systems.
The power consumption of the terminal units for the CDMA system (Bellwave BSM-850) and for the Orbcomm system (Stellar ST-2500) are only 1.2 W (100 mA, 12 V) in data receive mode while those for the Globalstar system (GSP-1620) and for the Inmarsat-C system (Trimble TNL-7001) are 2.4 and 12 W in data receive mode with a maximum of 5.4 and 110 W, respectively.
Moreover, the CDMA system provides the short message service (SMS) that enables users to communicate their own messages in a real-time and two-way sense. This SMS is applied to control the buoy monitoring in a two-way process. For example, if a user wants to sample ADCP and CTD data at 1-minute intervals for a specific period, he/she can change the sampling time interval from 10 minutes (default sampling interval) to 1 minute for that period very conveniently by sending a specified short command to the buoy system using a personal cellular phone without any specific tools. In addition to the change of sampling time interval, various actions such as specifying the monitoring area (the buoy sends a warning 'SOS' alarm message when it breaks away from this area), switching on and off sensors, checking status etc. are available by sending simple SMS commands to the buoy. All commands are received by the buoy within seconds and the buoy sends response messages automatically for the user to know if the commands worked correctly in the buoy system.
FIGURE 4
Flow chart for monitoring buoy data. The data is gathered into the main controller and transmitted to the data provider (OTRONIX) through the telecom company. The client (SNU) as well as the data provider can control the sampling mode, specific sensor on/off, etc., with a standard cellular phone through the SMS service of the telecom company.
Application to Oceanographic Studies
The ESROB and NMB are operating to monitor physical and biogeochemical parameters in the key coastal region around the Korean peninsula, though the data obtained from the buoys are also used for various other applications, beyond their main operational purpose. In this section we highlight the potential of such time-series data and effective monitoring strategies to obtain suitable data for scientific purposes.
Utilization of Meteorological and Physical Parameters in the 'S' Region
The influence of major current systems, EKWC and NKCC, along the east coast of Korea was noticed from the ADCP data of ESROB. They showed dominant southward or southeastward currents at all depth levels (especially at lower depth levels) throughout the entire observational period from 1999 to 2004. The physical properties of seawater below the thermocline for the period of southward or southeastward currents are mostly similar to those of the North Korean Cold Water (NKCW), based on Kim and Kim's (1983) definition (temperature of 1-6 °C and salinity below 34.00). In spite of the predominance of NKCC in the coastal region (related to the offshore movement of the EKWC path) for most of the observational period, northward or northwestward currents sometimes occurred near the surface, as in March, April and July 2001 and February to May, August, and December 2003. The sea surface temperature images in those periods indicate that the EKWC passed further northward close to the coast. Figure 5 is a stick diagram of (low-pass filtered with halfpower at 30 hours) currents at 5 depth levels (10, 30, 50, 70, and 90 m) , observed from ESROB in 2001. Northward or northwestward currents near the surface in April and July are noticed in contrast to south or southeastward currents at all the depth levels in May and June, 2001 . Measurements of water column current and physical properties of seawater are of particular importance for addressing the two current system in the 'S' region. Long-term monitoring of the current and physical properties of seawater in the region can contribute to the local climate relevant to the current systems.
Wind-driven currents are frequently observed from ESROB, and the most striking example can be shown during the passage of typhoon 'Maemi' in September, 2003 . It recorded a maximum wind gust of 25 m/s (10-minute average speed of 20 m/s) and a minimum air pressure of 980 hPa when the eye of 'Maemi' passed by near Uljin, Korea at 03:00 on September 13, 2003 (Figure 6a) . Along with the wind directions of 0-90° (northeasterly) and 270-360° (northwesterly) before and after the passage of the eye respectively, this indicates strong northerly winds at that time. Also noticeable are currents near the surface, of which the speeds reached up to about 0.1 m/s in the southward direction at 13:00 (10 hours after the passage of 'Maemi') ( Figure 6b ). The mixed layer (characterized by high temperature and low salinity) thickness, which was accompanied by a strong southward current, gradually increased from 20 m to 40 m over 10 hours. A simple two-layer model for the response to an impulsive alongshore wind over a uniformly sloping bottom developed by Csanady (1984) showed reasonable estimates of alongshore and offshore currents and interface displacement in comparison to data from the area under the conditions of the passage of 'Maemi' for 10 hours (Nam et al., 2004a) . This model result also confirmed the downwelling type response to the southeastward wind stress (downwelling favorable wind conditions) in the region, reproducing a strong baroclinic jet at the upper layer in the alongshore direction.
The passage of a typhoon also causes problems in buoy operations. Since 1999, we lost the buoy mooring systems several times due to the extreme environments during the passage of the typhoons (Figure 6a) named Bart (1999 ), Saomi (2000 , and Rusa (2002). According to a witness from a local fishery, many floating materials including big trees moved southward very fast in the coastal area during the typhoon periods. The ESEOB also measures the strong southward currents of about 1.0 m/s (abnormally large values in the 'S' region) with extreme wind and wave conditions during the
FIGURE 5
Stick diagram of (low-pass filtered) current data obtained from the ESROB. Shown are the data at depths of 10, 30, 50, 70, and 90 m from April 1 to September 17, 2001. Strong current variability in the 'S' region is due to the effect of the major current systems -EKWC and NKCC -as well as various coastal processes. Monitoring of currents at all the depth levels in the region is particularly important for addressing the two current systems with the simultaneous monitoring of water properties.
'Maemi' period. One possible explanation of the ESROB lost in September of 1999 September of , 2000 September of , 2002 is that the hull of ESROB was damaged by floating objects, high wind and waves, etc. and submerged losing its buoyancy (Figure 6c ). When it loses its buoyancy lower than 500 kg (usually larger than 3000 kg) it goes down below the surface for a maximum current of 1.5 m/s as shown in Figure 6c .
In the 'S' region, physical oceanographic parameters are highly variable due to the two current systems (NKCC and EKWC) and their relative influence in the coastal area, making a characteristic front near the region. In addition to the current system, the various coastal processes, i.e. wind-driven currents, internal waves, etc. can cause complex variability of the coastal water as observed from ESROB in the region. Moreover, the mountainous landmass on the eastern part of the Korean peninsula may affect the peculiar variability of meteorological parameters in the region, which is caused by the Asian monsoon, the passages of mesoscale weather systems, including typhoons, and diurnal sea/land breezes, etc. (Nam et al., 2004b) . Likewise, the real-time monitoring data for meteorological and physical parameters in the 'S' region has particular significance for marine meteorological and physical oceanographic studies.
Utilization of Meteorological, Physical and Biogeochemical Parameters in the 'J' Region
The methane data obtained in the 'J' region using the NMB were utilized to examine the air-sea gas exchange study (Hahm et al., 2005) . Careful comparison among the time-series data of water level, column current, surface wind, and methane, suggested that the sea-to-air transfer of methane is enhanced greatly during the spring tide due to the increased gas transfer velocity and vertical methane transport from the bottom water to the surface layer. They suggest that the sea-to-air transfer of gases is controlled not only by episodic wind events but also by regular tidal turbulence in the coastal ocean. This study shows one good example for the potential usage of continuous monitoring data of meteorological, physical, and biogeochemical parameters in the coastal ocean. By simultaneously monitoring both physical and biogeochemical parameters in the region, some causes for the biogeochemical changes can be examined by comparing them in terms of physical parameters. Moreover, the interactions between physical and biogeochemical processes can be investigated by analyzing the time series data of both parameters.
Monitoring of the biogeochemical parameters is of particular importance in the 'J' region due to the red-tide outbreak. It is known that harmful dinoflagellate blooms have occurred every year in the 'J' region since the first blooms were recorded in 1982, while the cause has remained poorly understood Lee et al., 2005) . Because the NMB provides time-series data for dinoflagellates, NO 3 , NO 2 , Si(OH) 4 , PO 4 and chlorophyll a, as well as methane (Figure 7 ), careful comparison of dissolved inorganic nitrogen and phosphorus may deduce new possible causes for harmful dinoflagellate blooms as suggested by and also by Lee et al. (2005) , along with supplementary data obtained by conducting adaptive sampling through a ship survey in the region.
Our laboratory data analysis for nutrients obtained from time-series shipboard sampling support the view that the nutrient data produced with the sensor (Eco-LAB) were reli- able, suggesting minor problems with data drifting and calibration during the measurement period. However, we raise two major concerns in utilizing this sensor for a longer period: firstly the reagents and standards can go bad in seawater at its normal temperature, and secondly a significant biofouling effect can damage the sensor. Thus, much more effort toward the improvement of this sensor is necessary before it can be used on widespread basis. All other sensors were run without any such problems during the measurement period, promising easy use of them in real-time monitoring of biogeochemical parameters in coastal seawater.
Utilization of Two-way Control Technology and Strategy for Effective Sampling
Novel aspects of the buoy system are the two-way telemetry and the high-frequency sampling (as often as every minute), which enable us to monitor the characteristics of phenomena having periods of a few, or a few tens of minutes, i.e. short-period (near-buoyancy frequency) internal waves. In the 'S' region, highly nonlinear internal solitons were observed using data-logging instruments for water temperature and currents (moored at a depth of about 100 m for three days) during the field experiment in May 1999, for the first time in this region (Kim et al., 2001) . They have vertical displacements of up to 26 m and periods of minutes or a few tens of minutes. In order to monitor such short-period internal wave characteristics continuously since 2003, we regularly reduced the sampling time interval to 1 minute for several days using the two-way telemetry. By analyzing CTD and ADCP data during each several-day period of 1 minute sampling, we characterized local internal wave properties in the 'S' region (Nam et al., 2004c) . In this coastal region, we observed the passage of near-inertial internal waves, semi-diurnal internal tides as well as nearbuoyancy internal solitons. High-frequency sampling of current and water temperature in the 'S' region is able to provide valuable time series data for internal wave studies in the coastal region under various stratifications.
The 'SOS' warning messages are another example of two-way control. On December 18, 2003, ESROB was separated from the mooring line due to an unexpected accident (abrasion of a stainless steel shackle connected to the mooring line) and drifted outside the specified monitoring area (in the 'S' region). As soon as the accident happened, it sent 'SOS' messages to us every 10 minutes as it moved toward the open sea (northeastward). Contingency plans were immediately implemented to recover the bouy by monitoring the position, speed and direction of the bouy every 10 minutes with individual cellular phones in real-time. As a result of real-time tracking, it was successfully found and recovered by a nearby navy vessel about 100 km away from its original position, as it moved very fast (~1m/s) due to the influence of EKWC offshore. Two-way control could also be used for an effective sampling strategy of several biogeochemical properties. Figure 7 shows abrupt changes in dinoflagellate at 20:30 13 August and 01:00 14 August, and PO 4 at 06:00 14 August in 2003. At those times, no significant changes are noticeable in other biogeochemical parameters. Comparing several parameters with on-and off-specific sensors with a cellu-
FIGURE 7
Time-series data of (a) Chlorophyll a, Dinoflagellate, (b) Methane, (c) NO 3 , NO 2 , (d) PO 4 , and Si(OH) 4 measured from the NMB in August, 2003. Abrupt changes in Dinoflagellate at 20:30 13 August and 01:00 14 August, and PO 4 at 06:00 14 August were recorded in 2003, owing to this high sampling rate of biogeochemical sensors. lar phone we can conduct various test experiments without directly going to the sea when the NMB starts to record significant changes in some specific parameters relevant to the harmful dinoflagellate bloom. In addition, comparisons with the physical parameters, i.e., local wind, tidal current, air-sea heat flux, etc. could help to explain various biogeochemical processes in the coastal region.
Summary and Potential Future Developments
Owing to recent technical advances in telemetry, power supply, data capacity, and mooring stability and development of new sensors, real-time ocean buoys provide the possibility of monitoring various coastal areas more effectively at a higher temporal resolution (sampling every minute) with more facile (two-way) communication than before. General progress in such technology provides buoy operations with a stable power supply, the use of two-way communication for effective environmental monitoring, sustainable maintenance, sensor and sampling strategy, and calibration/assessment of biogeochemical sensors. The continuous time-series data obtained from the buoy systems in the key coastal regions could track major currents (EKWC and NKCC) along the east coast of Korea, wind-driven episodic events (including typhoon passage), passage of internal waves of near-inertial and higher frequencies, and sea-surface wind and wave variability near the coast. They could also be used for air-sea gas exchange and harmful dinoflagellate bloom studies in the coastal region.
Development of real-time ocean monitoring buoys and their application in the coastal ocean around the Korean peninsula provide implications for future directions of buoy monitoring. In order to increase payload capacity allowing additional sensors to be incorporated, power supply and data storage need to be enhanced to a maximum. With regards to two-way telemetry, communication utilizing larger quantities of data, commands, and responses needs to be pursued in the future. Other efforts toward the improvement of mooring design would open the possibility of integrating additional sensors for the seafloor and the earth below, as suggested by Detrick et al. (2000) , combining the advantages of a subsurface mooring with the capacities of a surface mooring.
